Gastric cancer (GC) is one of the most common malignancies worldwide. In particular, scirrhous type GC is highly metastatic and is characterized clinically by rapid disease progression and poor prognosis. MicroRNAs (miRNAs) play crucial roles in cancer development and progression. In the present study, we identified several miRNAs that are expressed at higher levels in scirrhous type GC than in non-scirrhous type GC by miRNA microarray analysis. Among these, microRNA-143 (miR-143) expression was higher in scirrhous type GC than in non-scirrhous types of GC. In situ hybridization and quantitative RT-PCR analysis showed that miR-143 is expressed by stromal fibroblasts but not by cancer cells. In stromal cells, miR-143 enhanced collagen type III expression in normal gastric fibroblasts and cancerassociated fibroblasts through activation of transforming growth factor-b) ⁄ SMAD signaling. Furthermore, high miR-143 expression in GC was associated with worse cancer-specific mortality (P = 0.0141). Multivariate analysis revealed that miR-143 was an independent prognostic factor. Treatment of GC cell lines with 5-aza-2′-deoxycytidine restored the expression of miR-143, and precursor miR-143 caused the inhibition of cancer cell invasion. These data suggest that miR-143 regulates fibrosis of scirrhous type GC through induction of collagen expression in stromal fibroblasts and that miR-143 expression serves as a prognostic marker of GC.
G astric cancer (GC) is one of the most common malignancies worldwide. Although improved diagnosis and treatment have resulted in good long-term survival for patients with early GC, outcomes for those with advanced GC remain poor.
(1) Gastric cancer can be subdivided into two major classifications, intestinal-type GC and diffuse-type GC. (2) Scirrhous type GC, composed mainly of diffuse-type GC cells, forms a Borrmann type 4 lesion and is characterized by highly metastatic potential and rapid proliferation. (3) (4) (5) Histologically, scirrhous type GC shows diffuse infiltration into the gastric wall with extreme stromal fibrosis. Transforming growth factor-b (TGF-b), produced by cancer cells, has been reported to activate stromal fibroblasts to stimulate collagen synthesis in scirrhous type GC. (6, 7) Increasing matrix rigidity may lead to the activation of proliferation, and interstitial pressure by fibrosis in the cancer stroma may interfere with drug delivery to cancer cells. (8) (9) (10) (11) Reflecting such characteristics, scirrhous type GC carries an extremely poor patient prognosis in comparison with other types of GC. Therefore, better knowledge of the pathological and biological basis of scirrhous type GC is necessary to improve diagnosis and treatment.
MicroRNAs (miRNAs) are small non-coding RNAs of 19-25 nucleotides in length that play important regulatory roles in posttranscriptional repression. (12, 13) Through inhibition of target gene translation, miRNAs regulate many cellular processes including development, differentiation, stress response, apoptosis, and proliferation. Aberrant miRNA expression is found in a range of cancers, suggesting novel roles as oncogenes or tumor-suppressor genes. (14) Several reports indicated significant correlations between the histological classification of cancers and miRNA expression patterns. (14, 15) We have previously reported that the two histological types of GC, intestinal-type and diffuse-type, show different miRNA signatures. (16) However, there is only one report focusing on scirrhous type GC, which found that miR-516a-3p participated in inhibition of peritoneal metastasis. (17) In this study, we aimed to identify novel miRNAs in scirrhous type GC by comparing miRNA expression profiles of GC tissues and found that miR-143 expression levels in scirrhous type GC were higher than in other types of GC. It has been shown that miR-143 expression is induced by TGF-b signaling, and it regulates vascular smooth muscle cell differentiation. (18) Moreover, several lines of evidence support the importance of miR-143 in proliferation, invasion, and metastasis of various malignancies. (19) (20) (21) (22) By in situ hybridization, miR-143 was localized in stromal fibroblasts but not in GC cells of scirrhous type GC tissue. Here, we investigated the function of miR-143 in stromal cells in scirrhous type GC, particularly in collagen type III synthesis by stromal fibroblasts. The expression of collagen type III was positively regulated by miR-143 through the TGF-b ⁄ SMAD signaling pathway. We also examined the correlation between miR-143 expression and patient prognosis using clinicopathological characteristics.
Materials and Methods
MicroRNA microarray hybridization. Total RNA was isolated from frozen tissue using Isogene (Nippon Gene, Tokyo, Japan). Short-strand RNA was purified from total RNA with RNeasy MinElute Cleanup Kit (Qiagen, Valencia, CA, USA). The oligonucleotide array we used contained Genopal-MICH07 DNA chips (Mitsubishi Rayon, Tokyo, Japan) comprising 188 oligonucleotide DNA probes. Details are described in Data S1.
Tissue samples. In all, 138 primary gastric tumors and 30 corresponding non-neoplastic mucosa were collected from patients diagnosed as having GC. Details are described in Data S1.
Cell culture. Nine cell lines derived from human GC and four human normal gastric fibroblasts (NFs), NF-33, -34, -35, and -38, and four cancer-associated fibroblasts (CaFs), CaF-33, 34, 35, and 38, were used. These cell lines were maintained as described previously. (23, 24) Additional information on the NFs and CaFs is provided in Table S1 , and details are described in Data S1.
Quantitative RT-PCR and western blots. Quantification of levels of collagen type III mRNA, a-smooth muscle actin (a-SMA) mRNA, b-actin mRNA, TGF-b variants mRNA, miR-143, and U6B was carried out using real-time fluorescence detection. For Western blot analysis, cells were lysed as described previously. (25) Details are described in Data S1.
In situ hybridization for miR-143 in combination with immunofluorescence staining and immunostaining of collagen. In situ hybridization was carried out as described by Nuovo et al. (26) with minor adjustments. A Dako EnVision+ Mouse Peroxidase Detection Kit (Dako, Carpinteria, CA, USA) was used for immunohistochemical analysis. Details are described in Data S1.
Cell transfection and TGF-b1 treatment. Transfection of cells was carried out with Lipofectamine RNAiMAX Reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. Fibroblasts were incubated in DMEM containing 10 ng ⁄ mL TGF-b1 (R&D Systems, Minneapolis, MO, USA). Details are described in Data S1.
Cell growth and in vitro invasion assay. The cells were seeded at a density of 2000 cells per well in 96-well plates. Cell growth was monitored after 1, 2, and 4 days by MTT assay. (27) Modified Boyden chamber assays were carried out to examine invasiveness as described previously. (28) Immunofluorescence staining for cell lines. For cell staining, the cells were incubated with anti-collagen type III antibody (Daiichi Fine Chemical, Toyama, Japan), followed by incubations with Alexa Fluor 488-conjugated goat anti-mouse IgG (Molecular Probes, Eugene, OR, USA). Details are described in Data S1.
Coculture of CaF with scirrhous type GC cell line and BrdU incorporation assay. HSC-44PE, scirrhous type GC cell line, was cocultured with CaF-38, and proliferation activity was assessed by percentage of BrdU ⁄ CAM5.2-positive cells. Details are described in Data S1.
Statistical analysis. The Mann-Whitney U-test was used to calculate the significance of differences between two samples. Statistical differences between miRNA expression levels in GC samples and non-neoplastic mucosa samples were evaluated using the Wilcoxon matched pair test. The correlation between expression levels of miR-143 and clinicopathological parameters was analyzed with Fisher's exact test. A log-rank test and Kaplan-Meier plots were constructed for the miR-143 high and low groups, based on one-third of the miR-143 expression level. Univariate and multivariate analysis of factors influencing survival were carried out using the Cox proportional hazards model. Parameters for multivariate analysis were selected by the stepwise method. A P-value of less than 0.05 was considered statistically significant.
Results
Expression of miR-143 is greater in scirrhous type GC than in non-scirrhous type GC. To identify miRNAs with altered expression levels among different histological types of GC, expression levels of 188 individual miRNAs were compared between five scirrhous type GCs and 15 non-scirrhous type GCs in miRNA microarray profiling. Expression levels of six miRNAs were significantly higher in scirrhous type GC than in nonscirrhous type GC (Table 1) . Among these, miR-143 was expressed at the highest level in scirrhous type GC. To confirm the microarray data, we carried out quantitative RT-PCR (qRT-PCR) in 20 frozen GC tissue samples. As shown in Figure 1(a) , miR-143 expression in scirrhous type GC was significantly higher than that in non-scirrhous type GC.
MicroRNA-143 can act as a tumor suppressor gene, and its expression is decreased in tumor tissues relative to normal tissues. (19, 20, 29) To assess miR-143 expression between cancer tissue and non-neoplastic tissue from the same patients, we carried out qRT-PCR analyses of miR-143 using 30 formalinfixed paraffin-embedded GC tissue samples and corresponding non-neoplastic gastric mucosa samples. Although miR-143 expression levels were significantly lower in non-scirrhous type GC tissues than in non-neoplastic gastric mucosa, the expression levels in scirrhous type GC were significantly higher than those in the corresponding non-neoplastic mucosa (Fig. 1b) . These data suggest that miR-143 expression is downregulated in GCs but is sustained or increased in scirrhous type GC.
Analysis of miR-143 localization in scirrhous type GC. To elucidate why scirrhous-type GC possesses high miR-143 expression, we first investigated the localization of miR-143 expression in scirrhous type GC tissue by in situ hybridization of miR-143 in combination with immunostaining using markers for epithelial cells (CAM5.2), stromal fibroblasts (vimentin), and CaFs (a-SMA; Fig. 2a-c, Fig. S1 ). (30) Cancer fibroblasts, also termed myofibroblasts or activated fibroblasts, are well known as a major component of cancer stroma and play an important role in the regulation of cancer cell proliferation and metastasis. (5, 30) In cancerous regions, double staining revealed that expression of miR-143 was observed in a-SMAor vimentin-positive fibroblastic cells (Fig. 2a,b) but was not colocalized with CAM5.2-positive cancer cells (Fig. 2c) . However, in non-neoplastic regions, miR-143 was highly expressed in normal epithelial cells, but the expression was faint or not present in stromal fibroblasts in non-neoplastic tissue (data not shown). Expression of miR-143 was also examined in 9 GC cell lines, as well as in NFs and CaFs. Expression of miR-143 was evident in NFs and CaFs, but was undetectable in GC cell lines (Fig. 2d) . Moreover, the expression levels of miR-143 were higher in CaFs than in NFs, and CaFs derived from scirrhous type GC showed a tendency toward higher expression of miR-143 (Fig. 2d) . These data indicated that miR-143 is localized to epithelial cells in normal gastric tissue, but its localization is changed to surrounding stromal fibroblasts, but not cancer cells, in scirrhous type GC.
MicroRNA-143 regulates collagen type III expression in stromal fibroblasts of scirrhous type GC. Because miR-143 was found to be expressed in stromal fibroblasts but not in cancer cells, we sought to investigate the function of miR-143 in stromal fibroblasts. Scirrhous type GC produces abundant collagen and thus promotes fibrosis. (31, 32) We previously reported that collagen type III expression is associated with scirrhous type GC. (6, 7) We first examined collagen type III expression in scirrhous type GC tissue by immunostaining and, as expected, collagen type III was detected in fibrillar bundles of scirrhous type GC (Fig. 3a) . Collagen type III mRNA expression was examined in GC and fibroblasts by qRT-PCR. High levels of collagen type III mRNA expression were observed in stromal fibroblasts that retained high miR-143 expression (Fig. 3b) . To assess the relation between collagen type III and miR-143, NF-38 and CaF-38 were selected because they had the highest miR-143 and collagen type III mRNA expression (Fig. 3b) . Transfection of miR-143 inhibitor significantly suppressed collagen type III expression (Fig. 3c-e) . In contrast, transfection of miR-143 precursor sustained or increased collagen type III expression (Fig. 3c-e) . These data suggest that miR-143 positively regulates collagen type III expression in stromal fibroblasts of scirrhous type GC.
To address the biological significance of collagen type III induction by miR-143 in CAFs, HSC-44PE was directly cocultured with CaF-38 that was treated with miR-143 inhibitor or collagen type III siRNA. We used HSC-44PE because it was derived from scirrhous type GC patients. Proliferation of HSC-44PE cells was significantly repressed in coculture with miR-143-or collagen type III-inhibited CaF-38 (Fig. 3f,g ). These data indicated that both miR-143 and collagen type III expression in stromal fibroblast could affect cancer cell proliferation.
Transforming growth factor-b regulates collagen type III expression through miR-143. Scirrhous type GC secretes a larger amount of active form TGF-b than non-scirrhous type GC does, (32) and TGF-b has an important pathological and biological role in scirrhous type GC. (5, 7, 33, 34) To investigate the effect of TGF-b1 on miR-143 and collagen type III expression, NF-38 and CaF-38 were treated with TGF-b1, and their miR-143 expression levels were monitored by qRT-PCR. There were no differences in the expression of endogenous TGF-b1, TGF-b2, or TGF-b3 between NF-38 and CaF-38 (Fig. S2) both fibroblasts (Fig. 4a) . However, the induction of collagen type III mRNA in fibroblasts by TGF-b1 was significantly suppressed by pretreatment with miR-143 inhibitor (Fig. 4b,c) . Interestingly, miR-143 inhibitor significantly suppressed the expression of p-SMAD2 (Fig. 4d) , and SMAD4 siRNA significantly downregulated miR-143 and collagen type III mRNA expression in each fibroblast (Fig. 4e) . These data imply that miR-143 is deeply involved in the regulation of collagen type III expression by TGF-b ⁄ SMAD signaling in NF and CaF.
Correlation between miR-143 expression and clinicopathological characteristics of GC. To investigate the relation between miR-143 expression and clinicopathological parameters, we examined miR-143 expression levels in 68 formalin-fixed paraffin-embedded samples of primary GC by qRT-PCR. The miR-143 expression levels were significantly higher in scirrhous type GC cases than in non-scirrhous type GC cases (P = 0.0167; Fig. 5a ). As shown in Table 2 , miR-143-positive GC cases showed advanced tumor stage (P = 0.0013) and tended to have scirrhous type histology (P = 0.0428) in comparison with miR-143-negative cases. Kaplan-Meier analysis showed that GC patients with high miR-143 expression correlated significantly with worse cancer-specific mortality (P = 0.0002, log-rank test; Fig. 5b ). When limited to the cases with scirrhous type GC or non-scirrhous type GC, miR-143 expression had no prognostic effect (data not shown). Univariate and multivariate analysis showed miR-143 to be an independent prognostic marker of GC cases (P = 0.0141; Table 3 ).
DNA methylation may suppress miR-143 expression, which regulates scirrhous type GC cell invasion. Expression of miR-143 was detected in epithelial cells of non-neoplastic tissue, but its expression was suppressed in cancer cells (Fig. 2) . To pursue the cause of miR-143 suppression in GC cell lines, we treated MKN-1 and HSC-44PE cell lines with 0-3 lmol ⁄ L 5-aza-2′-deoxycytidine for 4 days and analyzed sequential changes in miR-143 expression by qRT-PCR. Expression of miR-143 was restored by 5-aza-2′-deoxycytidine treatments (Fig. S3a) , suggesting that DNA methylation may cause transcriptional inactivation of miR-143 in GC cells. Next, to confirm the possible antiproliferative or anti-invasive effects of miR-143 on cancer cells, MTT and Transwell invasion assays were carried out using MKN-1 and HSC-44PE GC cell lines with forced miR-143 expression by miR-143 precursor transfection. Cell growth of each GC cell line with forced miR-143 expression did not differ from that of cells transfected with control miRNA (data not shown). However, the invasiveness of cell lines with miR-143 forced expression was reduced compared to that of the negative control miRNA-transfected cell lines (Fig. S3b) . These data verified that exogenous recovery of miR-143 expression could suppress the invasiveness of cancer cells but not the proliferative activity.
Discussion
We report here that miR-143 expression was conserved in scirrhous type GC tissues and that the main source of miR-143 was stromal fibroblasts. MicroRNA-143 could regulate TGF-b ⁄ SMAD signaling to mediate the expression of collagen type III in stromal fibroblast of scirrhous type GC. We further showed that miR-143 maintenance or overexpression was significantly associated with advanced stage and poor clinical survival in GC. To our knowledge, this is the first report that refers to the importance of miR-143 in stromal fibroblasts of cancer.
Cancer cells and stromal fibroblasts interact with each other through various growth factors. (5) Among such growth factors, TGF-b signaling plays an important role in progression of scirrhous type GC. (5) It has been reported that some miRNAs regulate tissue fibrosis in various organs. (35) (36) (37) (38) In the present study, we have identified a novel role for miR-143 in the regulation of collagen type III expression. Although TGF-b treatment induced collagen type III mRNA expression, downregulation of miR-143 expression significantly suppressed the induction of collagen type III in fibroblasts. The classic TGF-b signaling pathway involves the SMAD protein family. (39) The SMAD-dependent regulation of collagens by TGFb has well-established mechanisms, (40) (41) (42) (43) and collagen type III transcription is targeted by SMAD3. (40, 42) The induction of collagen type III in gastric fibroblasts could be regulated by the same mechanism because SMAD4 siRNA could inhibit collagen type III expression in NFs and CaFs. Although we detected that miR-143 only affected the activation of SMAD2, the expression of p-SMAD3 seemed to be high enough for the regulation of collagen type III expression. It is well known that both p-SMAD2 and p-SMAD3 are essential for forming com- plexes with SMAD4, and this complex is crucial for activation of TGF-b ⁄ SMAD signaling. (39) Taken together, it could be speculated that activation of SMAD2, regulated by miR-143, is a trigger for enhancing collagen type III expression in NFs and CaFs. It has been generally accepted that miRNAs repress the translation of their targets. (44, 45) Based on present results, it could be suspected that miR-143 regulates collagen type III expression by targeting some inhibitor of TGF-b ⁄ SMAD2 signaling. Further investigations are required to elucidate the underlying mechanism of collagen type III regulation by miR-143 in cancer stromal fibroblasts.
It has been reported that miR-143 acts as a tumor suppressor gene, and its downregulation is correlated with worse patient outcome. (20, 46) However, these previous reports focused on the role of miR-143 in cancer cells and normal cells, and the function of miR-143 in stromal cells surrounding tumor cells has not been discussed. In the present study, we suggest that promoter hypermethylation is involved in downregulation of miR-143 expression in cancer cells. In addition, forced expression of miR-143 in GC cell lines significantly inhibited their invasiveness. Taken together, there is very strong evidence that the tumor suppressive role of miR-143 is downregulated by promoter hypermethylation in cancer cells. However, we also showed that miR-143 expression was localized within stromal fibroblasts, but not in cancer cells in scirrhous type GC, and contributed to the regulation of collagen type III expression and cancer cell proliferation. We also showed that miR-143 expression was higher in scirrhous type GC than in non-scirrhous type GC. In addition, its expression correlated significantly with advanced pathological stage and poor patient prognosis. Stromal fibrosis in cancer leads to increased matrix rigidity and subsequent activation of cancer cell proliferation through integrin-MAPK signaling. (11) It is common knowledge that fibrosis in cancer tissue can also lead to an increase in interstitial pressure that inhibits efficient drug delivery, resulting in chemoresistance. (8) (9) (10) Taken together, miR-143 expression in stromal fibroblasts of scirrhous type GC may participate in cancer progression and lead to poor clinical outcome.
In conclusion, our data position miR-143 as a critical mediator of collagen type III expression in scirrhous type GC. Consequently, miR-143 in cancer stroma may support the progression of scirrhous type GC through fibrillar formation, consistent with the effect of certain oncogenes. Full elucidation of the molecular mechanisms of miR-143 in stromal fibroblasts surrounding cancer cells may improve our understanding of tumor progression in scirrhous type GC.
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